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Abstract 
 
In order to fully utilize a machine tool and to identify its natural frequencies, modal analysis can be performed. This provides information about 
the vibration characteristics of the machine structure during the machining process. In this article, an optimization of experimental modal 
analysis will be presented. The classical measurement chain to perform a modal analysis is always based upon the principle of excitation, signal 
transmission, signal detection, and signal analysis of results. The conventional method, wherein the excitation is effected by a modal hammer 
and the signal detection is done by an acceleration sensor, is now replaced by a process in which excitation is achieved via an automated modal 
pendulum and the signal detection by means of laser or acceleration. Within the framework of this research, there are two key elements that will 
be discussed in detail. The first element includes the motivation for the development of the pendulum and the aspired improvements of the   
new model. A prototype is tested and its performance is valuated. The second key element represents an experimental analysis of the 
performance, including a comparison between the conventional modal hammer and the developed modal pendulum. Here it should be shown 
that the repeatability of the hammer strikes of the pendulum is significantly higher than that of the conventional hammer. In addition, the 
adjustability of the force excitation is to be ensured. 
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1. Introduction 
 
This paper outlines the development and testing of an 
automated modal impact hammer to provide an impulse-based 
structural excitation source for experimental modal analysis. It 
discusses the problems related to manual impact 
measurements, and it defines several objectives in order to 
eliminate those problems. Then, it explains the development 
stages of the automated modal impact hammer. Finally, the 
paper concludes with experimental validation of the defined 
objectives. 
The method of exciting vibrations in the measured structure 
is determined mostly by the goal of the modal test, precision 
requirements and frequency range of the modal paramaters. 
There are several ways to excite vibration in a structure. They 
can be divided into two major groups: 
1. Excitation using an attached exciter (shaker): The 
most common excitation source is the electromagnetic (or 
electrodynamic) shaker. 
2. Impact Excitation: The most common method of 
impact excitation is using an impact or modal hammer. 
From a theoretical position, it doesn’t matter whether the 
measured frequency response functions come from a shaker 
test or an impact test. However, there will be differences due to 
the practical aspects of collecting data [1]. 
Shaker testing is often used in more complex structures, and 
comprises many different excitation techniques. The excitation 
signals are generated by a signal generator and can be chosen 
from a variety of different possibilities (transient, true random, 
pseudo random, burst random, fast sine sweep, burst chirp etc.), 
to match the requirements of the structure under test. Moreover, 
using a shaker, higher frequency ranges can be achieved. A 
modal impact hammer has an upper frequency range of around 
8 kHz, while a piezoelectric shaker can achieve frequencies as 
high as 80 kHz [2,3]. 
The most common used method of transient excitation for 
modal testing is the impact hammer. A hammer is a device that 
introduces an excitation force pulse into the test structure. It 
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measures the force as a function of time with a load cell at the 
hammer head, and one or more accelerometers can be placed 
on the structure to measure the output at specific locations. 
Using an impact hammer is a fast, convenient, and low cost 
way of finding the modes of machines and structures. The 
convenience of this technique is attractive because it requires 
very little hardware and provides shorter measurement times. 
In addition, the measurement method is fully portable, and 
therefore highly suitable for field work [4,5]. 
 
2. Problem Definition 
 
The main goal of the project is to develop an automated 
modal hammer in order to characterize dynamic behavior of a 
milling machine and workpiece. 
In milling, machine tool vibration and workpiece wall 
vibration plays an important role concerning both workpiece 
surface quality and tool durability. The undesirable motion, 
which is often referred to as chatter, can result in wavy surfaces 
on the workpiece, inaccurate dimensions, and excessive tool 
wear. In order to decrease chatter and machine the workpiece 
in the stable zone, a modal analysis of the machine can be 
performed. For the impact testing, a modal impact hammer can 
be used. 
With the aid of impact testing, the dynamic behavior of the 
milling machine can be characterized. Moreover, when the 
results of the impact test are simulated, stability charts for the 
machine and workpiece can be plotted. However, in order to 
achieve precise results from impact testing one should 
minimize every possible source of error. Although modal 
impact hammer measurements are quick, easy and inexpensive, 
there are several significant challenges to overcome when 
striving for an “adequate linear estimate” of the structural 
dynamic model. 
Firstly, it is difficult to control either the force level or 
location of the excitation point. The input force and the 
excitation point can differ from measurement to measurement. 
Therefore, the impact usually cannot be exactly replicated. 
Changes in the input force and excitation point location mainly 
depend on the skills of the operator. 
Another important problem which should be minimized is a 
phenomenon known as “double hit”. Ideally, when a structure 
is struck, the impact should consist of a single contact in order 
to ensure clean data. However, because the impact can occur so 
quickly, the structure may vibrate fast enough to hit the 
hammer again before the user pulls it away. This results in a 
double hit (or more) [7]. Double hits decrease the quality of the 
Frequency Response Functions. Minimizing the number of 
double hits sometimes takes a bit of practice with operator’s 
technique, and less dexterous operators may never be able to 
achieve single hits. 
Due to the problems mentioned above, it is not easy to 
obtain reliable results from manual impact testing. The reasons 
behind the idea of developing an automated modal hammer can 
be simply summarized as: 
I. to increase the repeatability of the process, 
II. to obtain a single hit in every trial, 
III. to have adjustable force 
IV. to  reduce  the  manual  effort  associated  with  the 
repeatability of the process, 
V. to reduce time and cost (high repeatability and no 
double hits), 
VI. to achieve an operator-independent process, 
VII. to improve data quality for the simulation software, 
The automated hammer developed for this project should 
meet the objectives mentioned above. 
 
3. Development 
 
Development of an automated modal hammer in the 
Institute of Machining Technology was started before this 
project commenced. However, the existing design couldn’t 
meet the requirements fully. Therefore, some changes to the 
existing design have been made and the automated modal 
impact hammer has been finished in order to meet the 
requirements listed above. 
 
 
Fig. 1. Design of the general purpose automated impact hammer 
 
3D modeling software was used in the development of the 
automated modal impact hammer, allowing changes to the 
design to be made quickly and easily. The model was then 
animated for the purpose of kinematic testing and refinement. 
An automated modal hammer based on the refined design was 
produced and used in experiments for the purpose of validation. 
Firstly, one general purpose hammer was designed and then 
some modifications were made to it in order facilitate its use 
with the 3 axis milling machine. Figure 1 shows the design of 
the general purpose automated impact hammer, which can be 
used  for  wide  range  of  different  workpieces  or  different 
machines. 
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As can be seen in Fig. 1, there are four main groups of 
elements in the design of the automated impact hammer, 
namely: main body, driver cam, hammer and stopper. The 
details relating to each group of the design are outlined in the 
following sections. 
3.1. The Driver Group 
The driver cam group consists of an electric motor, a cam, a 
connection rod, a motor coupling, a motor flange, a ball bearing 
and two joints. It is connected to the main body via the bottom 
joint. Figure 2 shows elements of the driver cam group. 
This group of elements gives motion to the hammer needed 
to produce the required excitation force pulse. In this project, a 
24V DC electric motor is used. The electric motor produces the 
required rotary motion, which is transferred to the cam 
mechanism via the connection rod and coupling. 
The cam mechanism consists of two moving elements, the 
cam and the follower. The cam has a curved outline, which, by 
its rotation, causes the follower to move in a specified fashion. 
 
Fig. 2. Elements of the driver cam group 
3.2. The Hammer Group 
The hammer group of the automated impact hammer works 
like a pendulum. It is connected the body with its joints. It 
consists of a cam follower, connection rods, a ball bearing, a 
bearing housing, a spring, a hammer housing and a hammer. 
Figure 3 illustrates the elements of the hammer group. 
The hammer group of the automated impact hammer works 
like a pendulum. It is connected the body with its joints. It 
consists of a cam follower, connection rods, a ball bearing, a 
bearing housing, a spring, a hammer housing and a hammer. 
Figure 3 illustrates the elements of the hammer group. 
The hammer group is connected to the main body with its 
joints. It works like a pendulum. The cam follower follows the 
predetermined path on the cam untill the tip of the cam. During 
this motion, the hammer group stores potential energy against 
gravity. When the follower finishes its predetermined path on 
the cam, the potential energy converts to kinetic energy and the 
hammer hits the target structure. Table 1 shows the motion 
cycle of the hammer. 
The magnitude of the impact is basically determined by the 
mass of the hammer head and the velocity with which it is 
moving when it hits the structure. This is due to the concept of 
linear momentum, which is defined as mass times velocity. The 
linear impulse is equal to the incremental change in the linear 
momentum. 
 
 
Fig. 3. Elements of the hammer group 
 
 
Table 1. Motion cycle of the automated impact hammer. 
 
 
1 2 3 4 
   
Follower 
following the 
way on the 
cam. 
At the tip, 
hammer stored 
the maximum 
level of energy. 
After releasing 
the hammer, it 
hits the target 
structure. 
Cycle is 
finished and 
the follower 
starts to 
follow the 
cam for the 
next hit. 
 
 
3.3. The Stopper Principle 
 
The stopper and the spring have a key importance in 
eliminating double hits. The duty of the stopper is to halt the 
590   T. Brüggemann et al. /  Procedia CIRP  33 ( 2015 )  587 – 592 
 
 
hammer’s rod just before the hit. When it stops the rod, the 
spring deforms elastically, allowing the hammer head to 
continue moving and strike the target point. The amount of 
deflection depends on the stiffness of the spring. Table 2 
explains the working principle of the stopper. 
 
Table 2. Motion cycle of the automated impact hammer. 
 
 
 
 
1 
 
 
 
Initially, the hammer 
moves with a velocity 
to hit the target point 
on the workpiece. 
 
 
 
 
 
 
2 
 
Stopper, stops the rod 
of the hammer just 
before the hit. Distance 
between the hammer 
tip and the target 
structure must be given 
carefully. 
 
 
 
 
 
 
 
3 
Due to the stiffness of 
the spring, there will be 
an elastic deflection. 
The hammer will hit 
the target and then it 
will come back rapidly. 
After the hit, the 
hammer head returns 
back very quickly. 
Therefore the 
workpiece cannot find 
enough time to hit to 
the hammer second 
time. 
 
 
 
 
 
 
 
 
 
4 
 
 
After the hit, the 
hammer head return 
back to its initial 
condition to begin with 
the next hit. 
 
 
 
Special attention must be given to the distance between the 
hammer tip and the target structure (item 2 in the Table 2) 
before the measurements. If the distance is too large, no input 
excitation can be obtained. If the distance is too short, double 
hits may occur. In addition, the magnitude of the input force 
can be adjusted via changing this distance. 
 
3.4. Automated Modal Impact Hammer 
 
The aim of developing an automated modal impact hammer 
was to use it to characterize the dynamic behavior of machines, 
workpieces and tools. The designed hammer can be 
Fig. 4. a) Dimensions of the automated modal impact hammer relative to the 
milling machine 
Fig. 4. b) Experiments with an unusual tool attached milling machine. 
 
 
used with wide range of these. However, it has some 
disadvantages related to the compactness of its design. It uses 
gravity in order to create excitation force on the structure. 
Therefore, it can only be used vertically. It is not possible to 
use it in other orientations. Also, there must be enough space 
in front of the target structure in order to clamp the automated 
impact hammer. 
The designed automated modal impact hammer has been 
tested with different workpieces to meet the objectives of the 
project. However, it couldn’t be used with the Three Axis 
Milling Machine. The reason for the problem was the 
dimension of the automated modal impact hammer and the 
milling machine. It could only be used with an unusually long 
tool attached  to  the milling machine. Figure 4 shows the 
dimensions of the automated modal impact hammer relative to 
the milling machine and the measurement with the unusual tool 
attached to the milling machine. 
According to 3D drawings of the milling machine, some 
modifications were made to the automated modal impact 
hammer. Figure 5 shows the 3D model of the modified 
automated modal impact hammer and the milling machine’s 
spindle. 
The same principles have been used with the modified 
automated modal impact hammer in order to achieve the 
objectives stated above. Only geometrical changes have been 
made, mainly to the driver cam group. 
Firstly, the main body was tilted 45° with the aid of 
clamping devices. The hammer group works like a pendulum. 
Due to the required motion of the hammer group in an inclined 
configuration, the upper profile of the main body group was 
obstructing the motion of the hammer group. Therefore, a 45° 
connection part was assembled to the driver cam group in order 
to increase the hammer's clearance. 
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Figure 5. Modal impact hammer and the milling machine’s spindle 
5. Experimental Validation 
The main objective for the development of the automated 
modal impact hammer was to eliminate double hits in 
measurements. As is explained in the Table 2, if the distance 
between the hammer head and the target structure is large 
enough, a single hit can obtained in every trial. Figure 6 shows 
single hits obtained from the measurements. Measurements 
showed that if the distance between the hammer head and the 
target structure is big enough, single hits are obtained in every 
trial. 
 
Figure  6.  Single  hits  obtained  from  the  measurements  with  adequate 
distance 
Another objective of the automated modal impact hammer 
was to have a repeatable process. Due to the strong structure of 
the automated modal impact hammer and predefined pendulum 
motion of the hammer head, the location of the excitation point 
will be the same in every measurement. Figure 6 shows the 
consistent force magnitude obtained from four different 
measurements. 
Some variability in the applied force due to friction in the 
system is to be expected, however as can be seen from Figure 
7, testing showed that the impact force was more repeatable 
than that obtained with manual hammer excitation. With the 
high repeatability obtained from the automated modal impact 
hammer, time, cost and manual effort to obtain  high 
repeatability will be decreased. 
 
 
Figure 7. Repeatability of the force 
 
99. Force can be adjusted by changing the dimension of the 
cam follower, the angle between the joints in driver cam group 
or the distance between the hammer head and the target 
structure (in Table 2, item 2). The important aspect of force 
adjustment is to maintain the repeatability of the force during 
the adjustment. Force adjustment and the repeatability of the 
adjusted force obtained from different measurements can be 
seen in Figure 8. 
 
 
Figure 8. Force adjustment and repeatability of the adjusted force 
 
As is plainly evident from the results of the experiments, the 
automated modal impact hammer: (i) increases the 
repeatability of the process while reducing the time and manual 
effort; (ii) ensures a single hit in every trial, (iii) provides 
adjustable force and (iv) provides an operator-independent 
process. Therefore, the data obtained from the automated 
modal impact hammer for the simulation is more reliable than 
the data obtained from manual modal impact testing. In order 
to see the quality difference between manual modal impact 
hammer and automated modal impact hammers measurements, 
a milling machine setup is used. Ten hits were made on the 
structure with both hammers. Firstly, measured input and 
output signals are used to obtain FFTs. Then, FFTs of the data 
are averaged, and finally, averaged data are used to compute 
required frequency response functions. Figure 8 shows the 
obtained FRF from the manual measurements and Figure 9 
shows the obtained FRF from automated modal impact 
hammer. Manual hammer measurements were made with a 
very experienced operator. 
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Figure 9. FRF obtained from the manual measurements 
 
 
 
Figure 10. FRF obtained from the automated modal impact hammer’s 
measurements force 
 
The figures above show that the obtained FRFs are different. 
All the modes  of interest were not  excited  adequately by 
manual hammer measurements. Therefore, frequency response 
function is deteriorated between in the 1kHz – 7kHz frequency 
range. In order to obtain a smoother frequency response 
function, a filter can be used. However, we obtained a fairly 
good and relatively smooth frequency response function from 
automated modal hammer measurements. In conclusion, this 
shows that the quality of the two methods is very similar and 
the automated modal hammer measurements are more reliable. 
 
6. Summary and Conclusion 
 
The ability of the automated modal impact hammer to 
replace a manually operated impact hammer was validated by 
the experiments. Problems related to repeatability of the force 
and the excitation location are solved. Time and manual effort 
associated with ensuring the repeatability of the process were 
reduced. 
When proper attention is given to the distance between the 
hammer head and the target structure, double hits are 
eliminated and a single hit is obtained from every 
measurements. An operator-independent process is achieved. 
Therefore, the need for a highly skilled operator is eliminated 
and the cost of the process due to high skilled operator and lack 
of repeatability is decreased. 
The results from preliminary testing of the automated modal 
impact hammer show that the device can provide a satisfactory 
alternative excitation methodology for a machined workpiece 
and the milling machine. All the objectives mentioned above 
are completely fulfilled by the device. However, it should be 
noted that the device was designed to impart a relatively low 
impact energy and is therefore only suitable for application to 
small structures. The maximum force that can be obtained from 
the device is limited. Therefore, it cannot be used with 
structures requiring a larger force magnitude. Moreover, it has 
some disadvantages related to compactness of the design and it 
can only be used in a vertical orientation. A redesign of the 
device would be necessary in order to use it in other 
configurations (or orientations) and to induce the energy levels 
needed for large-scale structural excitation 
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